Reactions occurring at ferric oxyhydroxide surfaces play an important role in controlling arsenic bioavailability and mobility in natural aqueous systems. However, the mechanism by which arsenite and arsenate complexes with ferrihydrite (Fh) surfaces is not fully understood and although there is clear evidence for inner sphere complexation, the nature of the surface complexes is uncertain. In this work, we have used periodic density functional theory calculations to predict the relative energies, geometries and properties of arsenous acid (H3AsO3) and arsenic acid (H3AsO4), the most prevalent form of As(III) and As(V), respectively, adsorbed on Fh (110) 
Notwithstanding the extensive studies on surface complexation of arsenic at ferrihydrite, the fundamental adsorption mechanism, including the structures of the adsorption complexes, adsorption energies, and As−surface interatomic bond distances remain unresolved. The underlying physical driving forces that control the reactivity of the arsenic species with ferrihydrite surfaces also remain poorly understood, due to the diverse interactions and reactions occurring at the mineral−water interfaces. Such information cannot be obtained directly from EXAFS spectroscopy analysis, but molecular simulations offer an alternative route to providing mechanistic insights into the adsorption process and accurately determining the structures of arsenite and arsenate adsorption complexes onto iron oxidehydroxide surfaces, which is critical for the quantification of the arsenic adsorption. 6,20−26 For example, Goffinet and Mason employed spin-polarized DFT calculations to study innersphere As(III) complexes on hydrated α-Fe2O3(0001) surface models. 20 Blanchard and coworkers have used DFT calculations to model the adsorption of arsenate on the hydrated ( 2 1 1 ) hematite surface, investigating charged inner-and outer-sphere complexes. 21 DFT modeling has also been employed to understand the adsorption reactions of arsenic on the surfaces of ferric hydroxides, 6, 22 and iron sulfides. 27, 28 However, to date, no systematic molecular-level investigation has been conducted to determine the relative energies, geometries and properties of arsenite and arsenate complexes on ferrihydrite surfaces, which makes this investigation timely.
To gain insight into the mechanisms of inner-and outer-sphere adsorption of H3AsO3 and H3AsO4 -the most common forms of As(III) and As(V), respectively at the Fh(110) surface under different pH different conditions, we have employed high quality periodic DFT calculations where electronic correlations are taken into account within the GGA +U approach. Our objective is to determine the energetic stability of different adsorption configurations of H3AsO3 and H3AsO4 at Fh(110) surface under different pH conditions and extract the corresponding structural information (especially Fe−As and Fe−O interatomic distances). Insight into the electronic properties of the adsorbate-substrate systems is provided through analysis of projected density of states and differential charge density isosurface contours. Vibrational frequency assignment of the As−O and O−H stretching modes for the different identified adsorption complexes of both arsenic species is also presented, which we consider will be useful for future experimental identification of the different adsorption complexes of As(III) and As(V) species at Fh-water interfaces.
Computational details
All geometry optimization calculations were implemented using the well-established VASP code, 29, 30 which is based on the density functional theory (DFT). The interactions between the valence electrons and the cores were described with the projected augmented wave (PAW) method. 31 The electronic exchange-correlation potential was calculated using the GGA-PBE functional 32 with a Hubbard correction (PBE+U), 33 which accounts for the electron correlation in the localized d-Fe orbitals. The Hubbard correction approach has been shown to improve experimental agreement in calculated geometries, band structures and magnetic properties of Fe-containing compounds. 34−37 In this study, Ueff = 4 eV was found to provide an accurate description of the lattice parameters, interatomic distances and bond angles, in agreement with experiment. In our calculations each Fe is treated with 14 valence electrons with 3p 6 d 7 s 1 projectors. Long-range dispersion forces were accounted for in our calculations using the Grimme DFT-D3 method, 38 which is essential for the accurate description of the interactions between the arsenic species and the ferrihydrite surface. A plane-wave basis set with a kinetic energy cut-off of 600 eV was tested to be sufficient to converge the total energy of the ferrihydrite to within 10 −6 eV and the residual Hellman-Feynman forces on all relaxed atoms reached 10 −3 eV/Å. The Brillouin zone was sampled using 13 x 13 x 9 and 7 x 7 x 1 Monkhorst-Pack 39 K-points mesh for bulk and surface calculations, respectively, which ensures electronic and ionic convergence.
The ferrihydrite structure (Fe10O14(OH)2) reported by Michel et al. 40 , including H atoms whose initial positions were taken from the akdalaite structure, 41 was used as the starting point for the bulk ferrihydrite optimizations (Figure 1 ). Detailed descriptions of the structure and the optimized unit cell parameters are presented in Section 3.1. The Fh(110) surface, which is the most stable surface and one of the most commonly observed facets on ferrihydrite nanoparticles, 42 was created from the relaxed bulk material using the METADISE code, 43 which ensures the creation of surfaces with zero dipole moment perpendicular to the surface plane. 44 However, because of the adsorption of charged oxyanion species, in all surface calculations we have applied the Makov-Payne dipole correction perpendicular to the surface, as implemented in the VASP code, 45 to ensure that there is no net charge or monopole/dipole perpendicular to the surfaces, which might otherwise affect the adsorption energetics and structures. The corrections for the total energy are calculated as the energy difference between a monopole/dipole and quadrupole in the current supercell and the same dipole placed in a super cell with the corresponding lattice vector approaching infinity. The converged Fh(110) surface slab was constructed of eight iron layers, of which the five topmost layers were allowed to relax during optimization, while the bottom three layers were kept fixed in their bulk positions so as to represent a semi-infinite bulk crystal. Convergence of the surface energy of the Fh(110) slab with an increase in the number of topmost layers that are allowed to relax unconstrainedly is shown in the Supporting Information Table S1 . A vacuum region of 15 Å along the c-axis was tested to be sufficient to avoid interactions between the surface slab and its periodic image.
Different coordination modes of adsorbed H3AsO3 and H3AsO4 species were examined, involving bidentate binuclear (BB) and monodentate mononuclear (MM) configurations, in order to obtain the most stable adsorption complexes. The adsorption energy (Eads), which quantifies the strength of the adsorbate−surface interactions, was calculated as follows:
where Insight into electron density redistribution within the Fh−adsorbate systems due to arsenic adsorption on the Fh(110) surface was gained from differential charge density (Δρ) isosurface plots, obtained as follows:
where ρ(Fh+arsenic), ρ(Fh) and ρ(arsenic) represent the electron density of the Fh-arsenic complex, the appropriately hydrated Fh(110) surface and the free H3AsO3 or H3AsO4 molecules, respectively. Vibrational frequency calculations were performed within the framework of the self-consistent density functional perturbation theory. 46 Vibrational modes were assigned by using the Jmol software to visualize the eigenvectors, which tells us how the atoms are displaced in the vibration.
Results and discussions

1 Bulk structural properties
The crystalline ferrihydrite structure according to the Michel model 40 Using the theoretical methods described above and allowing all atoms to fully relax until the required accuracy was reached, we calculated the unit cell parameters at a = 5.955 Å and c = 9.222 Å ( Table 1) , which compares well with an earlier theoretical prediction (a = 5.97Å
and c = 9.37 Å), 47 and experimental values reported by Michel et al. 40 ( Table 1) length. 48 The octahedral Fe1−O and Fe2−O bond distances are calculated respectively at 1.968 Å x 2; 2.059 Å x 2; 2.029 Å; and 2.066 Å; 1.942 Å x 3; and 2.183 Å x 3. The O−H bond distance in the ferrihydrite structure converged at 0.985 Å, similar to the 1.000 Å obtained from a previous theoretical study. 47 The arrangement of the oxygen anions and the high-spin iron cations in ferrihydrite naturally affects the orientation of the spin magnetic moment of the iron ions. In this study, we have probed different magnetic configurations and found that the lowest energy (ground) state corresponds to the ferrimagnetic structure (Figure 1b ), in agreement with earlier theoretical predictions, 47 and experimental observations. 49 The ferrimagnetic structure corresponds to a layered structure in which planes of Fe moments alternate in alignment along the c-axis.
47, 49
The magnetic moment for the octahedral Fe1 and Fe2 are calculated at 4.20 μB and 4.17 μB, whereas the tetrahedral Fe3 has a magnetic moment of 4.13 μB.
Surface model and adsorption conditions
The Figure 4) . 50, 51 Under high pH conditions, there will be more H + on the surface; hence we expect all the water molecules to be dissociatively adsorbed (−OH covered surface), as shown in Figure 3 . The average Fe−OH bond distance was calculated at1.912 Å, whereas the newly formed O−H bonds converge at 1.03 Å.
After hydration and hydroxylation of the Fh(110) surface, the topmost Feoct ions become four-and five-fold coordinated by oxygen, although they are still under-coordinated compared to the bulk. These sites are hence expected to be reactive toward adsorbing As (III) and As(V) species. In aerobic waters, As(V) is predominately present as H3AsO4 at extremely low pH (< 2) (pKa1= 2.19, pKa2= 6.94, and pKa3= 11. 
Surface adsorption complexes of H3AsO3
Arsenic species have been found to form predominantly inner sphere complexes at hydrous iron oxide surfaces. Figure 6 ) contribute to the stability of both the inner-and outer-sphere H3AsO3 adsorption complexes on the −OH covered Fh(110) surface.
Hydrogen-bonded interactions (displayed in
Surface adsorption complexes of H3AsO4 and H2AsO4 −
As with H3AsO3, we have considered different possible inner and outer sphere adsorption When adsorbed in an outer-sphere complex, H3AsO4 is stabilized on the surfaces through hydrogen-bonded interactions, as displayed in Figure 7e , releasing a lesser adsorption energy of 2.13 eV compared to the inner-sphere complexes (Table 3) 
As−Fe interatomic distances: Calculated verses EXAFS data
Consistent with the findings in the present study, previous EXAFS studies of arsenic uptake on goethite and ferrihydrite indicate the prevalence of bidentate binuclear binding rather than monodentate binding of As(III) and As(V) onto the surfaces of these oxides. [7] [8] [9] [10] [11] 19 Monodentate complexes are considered to form only at very low surface sorption densities.
10, 11,52,53 Ona-Nguema et al. found, using EXAFS spectroscopy, that As(III) forms bidentate mononuclear edge-sharing and bidentate binuclear corner-sharing complexes on ferrihydrite. 7 Waychunas et al. stated that bidentate site attachment should be strongly favoured, both thermodynamically and kinetically, over monodentate attachment for As(III). 9, 11 In the present DFT study, the As−Fe interatomic distances for the interaction of H3AsO3 at the . 53 We did not, however, observe any bidentate mononuclear complexes of H3AsO4 at the Fh(110) surface.
Vibrational properties
In order to determine the stability of the different adsorption complexes and provide an assignment for the As−O and O−H stretching modes of the adsorbed species, we have computed the wavenumbers of the normal modes for the different adsorption configurations of H3AsO3 and H3AsO4 on the Fh(110) with mixed -OH/-H2O composition ( Table 4) . No imaginary modes were observed for either arsenic species in any of the different adsorption complexes calculated, which suggests that the reported adsorption structures are all stable.
Higher vibrational frequencies were calculated for the deprotonated As−O bonds compared to protonated As−OH bonds, which is consistent with the shorter distances calculated for the For the H3AsO4 species, higher frequencies were calculated for the deprotonated As−O stretching modes compared to the protonated As−OH modes, in agreement with the shorter distances calculated for the deprotonated (As−O) bond than the protonated (As−OH) bonds.
Frequencies within the range of 800−940 cm −1 can be assigned to the free or deprotonated As−O bonds, whereas those in the range of 600−760 can be assigned to the protonated frequencies associated with the adsorption complexes, will provide useful guidance for future experimental investigations of As(III) and As(V) adsorption at the ferrihydrite-water interface, which should be transferable to other iron oxide minerals. Future investigations will expand the work presented here to include classical MD simulations which will provide a complete description of the dynamical processes occurring at the As−water−Fh (110) interfaces. The calculated adsorption structural parameters and energetics from this work will be useful in the derivation of force fields to be employed in the classical MD simulations to simulate more complex systems, including the adsorption of single and multiple As(III) and As(V) species adsorption from an explicit 3-dimensional aqueous environment.
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